In this paper, an efficient, broadband, omnidirectional visible plasmonic absorber is presented and numerically simulated using the rigorous three-dimensional finite difference time domain (FDTD) method and the 2-D finite element method. The proposed absorber comprises hollow cylindrical layers of aluminum (Al) and silicon dioxide (SiO 2 ). Arranging the geometry and adjusting the dimensions of the cylindrical layers generate localized plasmonic modes at the Al/SiO 2 interfaces, as well as inside the gap between two Al layers, and thereby, strong optical confinement in the visible range is allowed. Therefore, the light absorbance of over 93% is observed over the whole visible regime with a relative bandwidth from 0.4 to 0.75 PHz. Further, due to the cylindrical geometry, the absorption is almost independent on the incident angles in a wide range (-90 o to 90 o ). Two elements of the proposed absorber have been employed to function as a nanoantenna for converting the solar energy to electricity. The proposed nanoantenna offers omnidirectional harvesting characteristics with efficient harvesting efficiency that is higher than that of the conventional rectangular dipole nanoantenna by about 38%.
Introduction
Metamaterials are arrays of artificially structured sub-wavelength elements that manipulate light differently from other natural materials. These materials achieve their electromagnetic properties from their geometry rather than their chemistry or band structures. Metamaterials which have been initially postulated by Veslago [1] and Pendary [2] have been receiving extensive scientific applications in building super lenses, biomedical sensors, antennas, and electromagnetic (EM) wave absorbers.
Plasmonic metamaterials are based on subwavelength noble metal nanostructures to exploit localized surface plasmons. Recently, plasmonic metamaterials have been employed for designing broadband perfect absorbers that have attracted great interest due to many advantages such as wider adaptability, miniaturizing, and increased effectiveness in comparison with the conventional absorbers. In 2008, Landy et al. have proposed a perfect metamaterial absorber for absorbing all incident radiation at microwave frequencies [3] . Near unity absorption was realized with this absorber structure, although the designed absorber is polarization-dependent and absorbs efficiently only a narrow frequency range. Following this work, many absorbers have been theoretically reported to absorb terahertz frequencies [4] and infrared frequencies [5] . In addition, different strategies have been suggested to obtain broadband unity absorption structures that can have various applications such as near-infrared photo detection and thermal emitting [6] - [8] . Quite recently, Mohamed Aslam [9] reported a metamaterial resonant absorber of silver-dielectric-silver to get perfect absorption of three frequencies in the visible range. Further, in [10] , Aydin designed an ultrathin plasmonic super absorber using silver film, silicon dioxide (SiO 2 ) substrate, and crossed trapezoidal array. The absorber suggested in [10] had weak absorbance over the visible spectrum ranging from 0.4 to 0.75 PHz.
Stimulated by the incoming interest in this area, we suggest in this work a broadband omnidirectional plasmonic absorber with near unity absorbance in the visible regime. The proposed absorber is composed of regularly stacked and embedded cylindrical layers made of aluminum (Al) and SiO 2 . Detailed description of the proposed absorber will follow in the next section. The performance of the proposed absorber has been numerically evaluated based on calculating the localized plasmonic modes, propagation spectra and near field distributions with the aid of the 3-D FDTD method and 2-D FEM [11] , [12] . Adjusting the geometrical parameters of the proposed absorber creates localized plasmonic modes at the Al/SiO 2 interfaces and at the air gaps between the Al cylinders and hence, strong broadband visible absorption is obtained. Additionally, the cylindrical shapes of the proposed absorber makes it independent on the direction of the incident rays where the value of the average absorption for visible frequencies at different incident angles are approximately the same and equal to 0.93. In addition, two basic units of the proposed tuned absorber with appropriate spacing are employed as nano-antenna for harvesting solar energy. The proposed antenna appears to combine in a unique way the formation of a strong hot spot in its central gap filled with SiO 2 . It is worth noting that the solar energy harvesting efficiency of the proposed nano-antenna is higher than that of the conventional dipole nano-antenna reported in [13] by 38%.
The paper is organized as follows. Following this introduction the description of the suggested absorber design has been introduced in Section 2. Further, the simulation methodologies and simulation results have been demonstrated in Sections 3-5, respectively. In Section 6, the proposed nano-antenna for solar energy harvesting applications is introduced and analyzed. Finally, the main conclusion of our study is presented in Section 7. Fig. 1(a) -(c) show schematic illustrations for the 3-D, 3-D cross sectional, and 2-D cross sectional views of the proposed plasmonic absorber unit cell, respectively. As may be shown from the figures, the proposed structure consists of hollow cylinder made of SiO 2 that is located on top of SiO 2 substrate with 10 nm thick Al back reflector. The inner surface of the SiO 2 cylinder is attached to Al cylinder with shallow wide groove over a deep wider groove along the z-axis. Additionally, inside the deep wider groove of the Al cylinder, there are four hollow cylindrical layers of Al and SiO 2 that are grown rotationally over the SiO 2 substrate. Practically, the unit cell of the proposed absorber is repeated horizontally on square lattice arrangement with 1000 nm pitch, as shown in Fig. 1(d) . The numerical simulation of such periodic array is carried out using only one unit cell and periodic boundary conditions along the horizontal plane.
Proposed Plasmonic Metamaterial Absorber
The proposed absorber design offers near unity broadband visible absorbance. The essential reason behind such broadband visible absorption could be attributed to the propagating modes either planar SPP modes or gap SPP modes. As shown in Fig. 1 , the proposed absorber comprises metal insulator metal (MIM) multilayer system. The proposed MIM multilayer system comprises dielectric layer (SiO 2 or Air) of finite small thickness sandwiched between two Al layers. The Al has been chosen in the proposed design due to its natural abundance, low cost and strong optical confinement in the visible and the ultra violet (UV) regimes [14] . Theoretically, each single Al/dielectric interface can sustain a confined wave of planar SPPs modes that satisfies the relation [15] 
where β is the propagation constant of the mode along the interface direction, k 0 is the wave vector in vacuum, and ε 1 and ε 2 are the relative permittivities of the metal and the dielectric, respectively. It can be noted from (1) that the effective refractive index of the generated planar SPP mode (i.e β/k 0 ) varies by changing the type of the materials along the interface. Further, when the separation between adjacent interfaces is small enough for coupling the two planar SPP modes; it gives rise to waveguide modes that propagating along the interface direction with the field mainly confined inside the central dielectric layer. This kind of SPP waves is also termed as gap SPPs, because the dielectric can be considered as a gap of a continuous metal film. The propagation constant, i.e., β of the mode generated in gaps with small widths, can be calculated as follows [16] :
where w is the thickness of the dielectric gap, k 0 is the wave vector in vacuum, and ε 1 and ε 2 are the relative permittivities of the metal and the dielectric, respectively. It can be noted from (2) that the effective refractive index can be modified by changing the thickness of the dielectric layer of the MIM multilayer. Inspired by (2), our proposed mechanism for obtaining excellent broadband absorption is based on integrating efficiently multi-sized MIM multilayers within the same unit cell to embrace multiple resonances working at multiple frequencies within the visible band. It can be easily noticed from the proposed structure shown in Fig. 1 that it comprises multi-size MIM multilayers with different dielectrics and different gap thicknesses. The first MIM multilayers can be noticed at the bottom of the proposed absorber where, 100 nm thick SiO 2 layer is sandwiched between the Al cylindrical layers and the 10 nm thick Al reflector. These MIM multilayers are employed to enhance the absorption capabilities of the proposed absorber over the whole visible range especially at the lower and the middle visible frequencies. Further, other MIM multilayers with 60 nm thick SiO 2 or 40 nm thick air gaps are employed to enhance the absorption effectively at the higher visible frequencies. Moreover, the top 70 nm SiO 2 has effectively employed to enhance the absorption over the middle visible frequencies as will be illustrated later in the numerical simulations.
Modal Analysis
This section focuses on investigating numerically the generated modes in the proposed absorber.
As indicated in the above section, the proposed absorber comprises multiple Al/SiO 2 interfaces and MIM multilayers. It is expected that different localized plasmonic modes will be created and confined along the Al surface. Here, FEM-based modal analysis implemented in the Comsol multiphysics has been employed for investigating the effective index n eff of the generated modes in different five structures. The permittivity of the Al is described by Drude-Lorentz model [14] 
where, ω is the radian frequency, ε ∞ = 0.0864080, ω D = 3.9178 × 10 16 rad/s, γ D = 4.75280 × 10 15 , ε = −3814.53, ω L = 5.67222 × 10 14 rad/s, and γ L = 2.76612 × 10 15 rad/s. The real part of the eigen-moment of each investigated mode has been derived from k z = 2π × n eff /λ o [15] . Other modal properties such as the dispersion relations and electric field patterns have been also calculated for each mode. To ensure that the calculated n eff (ω) converged with respect to both the mesh density and the box size, a large box size and high non-uniform mesh density are used. For example, the adopted discretized computational domain for the structure of hollow Al cylinder surrounded by Air shown in Fig. 2 (a) is shown in Fig. 2(b) . It can be noticed from the figure that a well mesh refinement around the metal surface is adopted to efficiently investigate the plasmonic modes that confined at the Al surface. Similar meshing behavior has been adopted in simulating all other considered structures. In these studies, the size of the finite elements varies from 2.25 to 52 nm. The dispersion relation of the fundamental modes for Al/Air interface and Al/SiO 2 interface are shown as dotted and dashed lines in Fig. 2(c) . The schematic diagrams of the simulated structures and the electric field patterns of E x component of the calculated modes are also displayed in the insets in Fig. 2 (c). It may be indicated from this figure that, the mode generated at Al/Air interface is radiating mode since its dispersion curve is located to the left of the light line [17] . However, surrounding the Al cylinder by 20 nm-thick SiO 2 layer results in generating plasmonic mode for all frequencies greater than 0.63 PHz where the dispersion curve lies to the right of the light line [17] . Further, the dispersion relations and the electric field patterns of the higher order modes generated at the Al/SiO 2 interface have been calculated as shown in Fig. 2 
(d).
The figure illustrates that the first two modes can be only considered as plasmonic modes over the frequency range extending from 0.63 PHz to 0.8 PHz, while the other higher order modes are considered as radiating modes. Additionally, varying the thickness of the Al cylinder from 20 nm up to 60 nm expands the operating bandwidth of the plasmonic modes from 0.25 PHz to 0.55 PHz, as shown in Fig. 2 (e). Moreover, Fig. 2 (f) shows the dispersion relations and the electric field patterns of the dominant mode generated at the interface between two stacked layers of Al and SiO 2 . The figure illustrates that increasing the SiO 2 thickness expands the bandwidth of the plasmonic mode to include the lower visible frequencies. Finally, Fig. 2(g) shows that using either MIM multilayer with 20 nm thick air gap or MIM with 60 nm thick SiO 2 gap generates two plasmonic modes over a wide frequency band extending from 0.3 PHz to 0.8 PHz. In the following section, the methodology adopted for calculating the absorption has been discussed.
Absorption Calculations Methodology
In this section, 3-D FDTD method implemented in Lumerical software [11] has been applied for simulating the proposed absorber unit cell. A computational window of size 1 μm × 1 μm × 740 nm has been discretized with a non-uniform mesh where the grid spacing are chosen as ( x = 6.3 nm, y = 5.4 nm and z = 5.8 nm). Further, the computational window is bounded by PBCs long x and y axes and PML boundary conditions along z axis and TE polarized plane wave is used for illuminating the proposed structure to excite SPP modes, and hence, absorption is calculated. The applied simulation methodology for calculating the light absorption by the metallic nano-structures is based on calculating of the transmittance (T ) and the reflectance (R) across these structures versus the frequency (v). The transmittance and the reflectance monitors are surrounding the absorber along z-axis and the distance between each of the monitors and the absorber is 130 nm. Based on Kirchhoff's rule and in the absence of the scattering and the diffraction, the absorbance (A) can be calculated as follows [13] :
In the following section, the optimum dimensions of the proposed absorber will be calculated.
Absorption Results of the Proposed Absorber
Here, four numerical simulation stages have been carried out to investigate the appropriate dimensions of each layer in the proposed absorber shown in Fig. 1 that results in omnidirectional perfect broadband visible absorption. Stage 1-One Hollow Plasmonic Al Cylinder: In this stage, one hollow Al cylinder deposited on top of SiO 2 substrate with 10 nm thick Al back reflector has been numerically simulated. As shown in Fig. 3 , the plasmonic cylinder has height h 1 and deep groove with diameter, w 1 and upper interior outbreak with height h 2 and width, w 2 . Further, the SiO 2 substrate has thickness h 3 and a square base with side length w 3 . The objective of this study is to define the proper geometric parameters h 1 , w 1 , h 2 , w 2 , h 3 , and w 3 that result in broadband strong absorption overall the visible frequencies. It can be noticed from Fig. 3 that there is a MIM layer at the bottom of the proposed structure where, SiO 2 substrate is sandwiched between the base of the hollow Al cylinder and the Al back reflector. Fig. 4(a)-(d) show the calculated absorption spectra as functions of w 1 , h 1 , w 2 and h 2 , respectively. It may be noted form these figures that varying the values of the parameters w 2 and h 1 affect greatly the absorption spectrum in comparison with varying the values of the parameters w 1 and h 2 . Such note is expected because the thickness of the Al cylinder and the width of the outbreak play an important role in directing the incident rays towards the MIM layer. The figures show that the absorbance reaches its maximum average value of about 0.71 at w 1 = 800 nm, h 1 = 300 nm, w 2 = 100 nm and h 2 = 60 nm, respectively. In addition, the effects of the SiO 2 substrate on the absorption efficiency for the proposed absorber have been numerically investigated as shown in Fig. 4 (e) and (f), respectively. The figures show that increasing the thickness of the SiO 2 substrate shifts the absorption resonance towards low frequencies. This can be analytically explained with the aid of Eq. (2) where increasing the substrate thickness decreases the effective refractive index and thereby the resonant frequency decreases. In addition, the figures show that using SiO 2 substrate with dimensions h 3 = 100 nm and w 3 = 1000 nm results in maximum average absorption. The final step in this simulation stage is to quantify the effect of varying the metal type on the absorption over the visible band as shown in Fig. 4(g) . It is worth mentioning that there is a good agreement between the results shown in Fig. 4(g) and (1) . It can be noted from the figure that changing the metal type from silver to Al increases the effective refractive index and, hence, shifts the absorption resonance into higher frequency band. Further, the results agree with [14] where Al has strong plasmonic resonance in the visible range compared with gold and silver. Fig. 4(h) shows the calculated spectra of the structure shown in Fig. 3 with dimensions h 1 = 300 nm, w 1 = 800 nm, h 2 = 60 nm, w 2 = 100 nm, h 3 = 100 nm, and w 3 = 1000 nm. It can be indicated from the figure that the proposed structure absorbs only 71% and reflects 24% of the incident visible rays. The calculated steady state electric field distributions at 0.634 PHz shown in Fig. 4(i) shows that the electric field is confined mainly inside the SiO 2 substrate, and the field decays exponentially into both neighboring media. In the following stages, other hollow Al cylindrical layers will be employed to minimize the reflections and increase the absorptions. Based on the numerical study in this stage, the investigated tuned dimensions w 1 = 800 nm, w 2 = 100 nm, w 3 = 1000 nm, h 1 = 300 nm, h 2 = 60 nm, and h 3 = 100 nm will be used for the subsequent simulations.
Stage 2-Two Hollow Plasmonic Al Cylinders: Inspired by the modal analysis illustrated in section 3, it's expected that increasing the number of Al cylinders and using multi-size MIM multilayers will enhance the absorption efficiency. Therefore, inside the deep groove of the Al cylinder shown in Fig. 3 , two symmetric stacked hollow cylindrical layers made of Al and SiO 2 are grown over the SiO 2 substrate, as shown in Fig. 5 . Each hollow cylindrical layer has thickness h 4 , outer diameter w 4 and inner cavity with diameter w 5 . Fig. 6(a)-(c) show the variation of the absorption spectra of the absorber shown in Fig. 6 with the geometric parameters w 4 , w 5 and h 4 , respectively. The figure illustrates that at w 4 = 720 nm, w 5 = 200 nm and h 4 = 60 nm, the average absorption increases to 0.78 and the average reflection decreases to 0.19, as also illustrated in Fig. 6(d) . The absorption capabilities of each MIM component of the proposed design shown in Fig. 5(a) are more evident by the captured electric field distributions at different visible frequencies as shown in Fig. 6(e) . The figure shows that the absorption of the MIM layers with 100 nm thick SiO 2 appears clearly at the lower and the middle visible frequencies 0.48 PHz and 0.56 PHz, respectively, while the absorption in the upper 60 nm thick SiO 2 layer and the 40 nm thick air gap between the two embedded Al cylinders appears clearly at the higher visible frequency 0.7 PHz. Based on the numerical study of this stage, the investigated tuned dimensions w 4 = 720 nm, w 5 = 200 nm, and h 4 = 60 nm will be used for the subsequent simulations.
Stage 3-Three Hollow Plasmonic Al Cylinders: The absorption capabilities of the absorber proposed in the design stage 2 can be improved by using another two stacked hollow cylindrical layers of Al and SiO 2 as suggested here in the third design stage. Fig. 7(a) and (b) show 3-D and 2-D cross sectional view for the proposed modified absorber. The dimensions of the stacked cylindrical layers are identical and are equal to the tuned dimensions estimated in the previous design stage, i.e., stage 2. Fig. 7(c) shows the calculated spectra for the proposed absorber shown in Fig. 7 . It can be noted from the figure that the average absorption over the visible frequency band is increased to 0.88. This enhancement can be rooted to the MIM multilayers with either 60 nm thick SiO 2 or 40 nm thick air gaps. These MIM multilayers enhance the absorption capabilities over the higher frequencies of the visible regime as validated by the captured electric field shown in Fig. 7(d) , which shows that field is mainly confined in the gaps of these MIM multilayers.
Stage 4-Complete Absorber Design: In this subsection, we present the final fourth design stage, where a thin insulating layer of SiO 2 is used to completely cover the structure shown in Fig. 7 , as shown in Fig. 8(a) . It can be observed from the figure that the outer diameter and the top thickness the of the outer SiO 2 layer are defined as w 6 and h 5 , respectively. Fig. 8(b) and (c) show the variations of the absorption spectra with the geometric parameters, h 5 and w 6 , respectively. It can be noticed from the figures that at h 5 = 70 nm and w 6 = 960 nm, the average absorption reaches its maximum value of about 0.93 all over the visible frequencies. Fig. 8(d) shows the propagation spectra for the proposed absorber at tuned dimensions. The figure shows that the average absorption is increased to 0.93. This enhancement can be attributed to the 70 nm thick SiO 2 layer that enhances effectively the absorption capabilities over the middle visible frequencies, as validated by the captured electric field shown in Fig. 8(e) .
Additionally, Fig. 8(f) shows the performance of the proposed absorber shown in Fig. 1 , when the visible rays hitting its surface at different incident angles. It can be noted from the figure that the performance of the proposed absorber is independent on the direction of the incident rays where the value of the average absorption over all the visible frequencies at different incident angles are approximately the same and equal to 0.93.
In order to ensure high accuracy of the simulation results, the obtained simulation results shown in Fig. 8 have been validated by simulating the proposed absorber with different mesh densities. A computational window of size 1 μm × 1 μm × 0.74 μm has been discretized with a non-uniform mesh and bounded by PBCs along x and y axes and PML BCs along z axis. Fig. 9(a) and (b) show the variation of calculated absorption spectra and the average absorbance over the visible band with the mesh densities. However, the results shown in the figures relatively vary with varying the mesh density, they clearly converge to be stable using 15 × 10 5 mesh cells or higher. It is worth noting that the obtained results shown in Fig. 8 have been investigated using 2137800 mesh cells. Additionally, the tolerance with respect to the errors in manufacturing has been calculated. The variation in all geometric parameters by the percentage, δ and its impact on the absorption spectra and the average absorbance over the visible frequencies have been evaluated and plotted as shown in Fig. 9(c) and (d) , respectively. However, including the fabrication errors in the simulation shifts the performance of the absorber towards lower or higher frequencies as shown in Fig. 9(c) , the variation in the average absorption over the visible frequencies is approximately negligible with no more than ±20% fabrication errors, as shown in Fig. 9(d) .
For optical characterization, one sample of the proposed absorber can be fabricated using variety of existing nano-patterning techniques such as electron beam lithography (EBL), interference lithography, and focused ion beam (FIB). However, for practical demands of industrial applications, the common fabrication technique called UV-nanoimprint lithography (UV-NIL) [18] can be used. UV-NIL is a promising nano-patterning method with low cost, high resolution, and high throughput, especially for producing complex 3-D nanostructure on macroscopic scale. In the UV-NIL technique, UV transparent molds are required. Commonly quartz or silica molds with nano-scale features can be fabricated using EBL or FIB techniques and used as a stamping tool. The flow of the suggested process for fabricating four samples of the proposed absorber is composed of nine steps that can be summarized as follows:
Step 1 To prepare the silicon wafer shown in Fig. 10(a) as a substrate and prior to deposition, it should be cleaned using acetone, deionized water, and ethyl alcohol, and it should be blow dried using nitrogen [19] .
Step 2: Create the 330 nm thick SiO 2 layer shown in Fig. 10(b) by thermally oxidizing the Si wafer.
Step 3: Partially etch the grown SiO 2 layer using UV-NIL technique to form four grooves each with 420 nm radius and 230 nm depth. The whole process for forming SiO 2 , as shown in Fig. 10(c) , is based on depositing on the SiO 2 layer a substrate that is composed of polymethylmethacrylate (PMMA), SiO 2 , and resist layers. To deposit the SiO 2 layers, the plasma enhanced chemical vapor deposition can be used [20] . Next, imprint in the resist using Si-mold and applying reactive ion etch (RIE) technique to etch the residual layer: SiO 2 and PMMA. After etching the SiO 2 , lift off process was conducted with dichloromethane to dissolve the residual PMMA layer.
Step 4: Grow the hollow Al cylinder with 240 nm height and wall thickness of 20 nm inside each groove etched in the SiO 2 layer. The flow process based on the UV-NIL technique that is used in step 4 can be applied but with different Si-Mold, as shown in Fig. 10(d) . To prevent the Al oxidation, the Al deposition process should occur with no oxygen atmosphere [21] . After metal deposition, a lift off process was conducted with dichloromethane to dissolve the residual PMMA layer.
Step 5: Rotationally grow four stacked hollow cylindrical layers of SiO 2 and Al in each groove etched in the SiO 2 layer by using the UV-NIL technique with appropriate Si-mold. Consequently, the structure shown in Fig. 10 (e) can be obtained.
Step 6: Prepare the top SiO 2 coverage and the Al outbreak using the stamp printing technique [22] . Fig. 10 (f) shows a structure that is composed of 130 nm thick SiO 2 layer with four grooves, each with 420 nm radius and 60 nm depth. Further, the figure shows that inside each groove, there is a hollow Al cylinder with height of 60 nm and 100 nm wall thickness. The stamp printing technique is based first on patterning the structure shown in Fig. 10 (f) into membrane down to the sacrificial layer on any handling substrate. Next, the membrane transfer process can take place with a stamp-assisted transfer process in which a stamp was used to press toward the handling substrate, and liftup the membrane to be transferred, rotated, and stamped on the top of the structure shown in Fig. 10 (e) to form the structure shown in Fig. 10 (g).
Step 7: Shape the structure shown in Fig. 10(g ) to be as shown in Fig. 10(h) using the UV-NIL technique with appropriate Si-mold.
Step 8: Etch the Si substrate using the inductively coupled plasma.
Step 9: Finally, deposit 10 nm thick Al back reflector over the bottom surface of the 100 nm thick SiO 2 layer with no oxygen atmosphere, as shown in Fig. 10(i) . For the sake of fabrication flexibility, the impact of increasing the gap distance between the outer SiO 2 cylinders within the array shown in Fig. 11(a) on the absorption spectra has been evaluated. Fig. 11(b) shows the calculated absorption spectra at different gap-distances w. However, the performance of the absorbers with 60 nm and 80 nm gap distances slightly degrades in comparison with the absorber with 40 nm gap distance shown in Fig. 1 , and the average absorptions over the visible band are quite satisfactory and read 0.923 and 0.916, respectively. layers, (f) structure prepared by the stamping printing technique, (g) structure after stamping process, (h) structure after shaping using UV-NIL, and (i) structure after etching the Si substrate and depositing the Al back reflector. Additionally, we have introduced another absorber that is shown in Fig. 11(c) , where a thin insulating SiO 2 layer is used to surround the outer surface of the structure shown in Fig. 7 . The calculated absorption spectra of the proposed absorbers shown in Figs.1 and 11(c) are shown in Fig. 11(d) . However, the performance of the absorber with incomplete SiO 2 coverage slightly degrades in comparison with the absorber with complete SiO 2 coverage; the absorption at v = 0.6 PHz (at which maximum solar energy is achieved) and the average absorption over the visible band are quite satisfactory and read 0.93 and 0.9, respectively.
The proposed plasmonic absorber can be used in many applications especially in thermally controlled photonic devices [23] , optical data storing [24] , and solar energy harvesting [25] - [28] , as proposed and presented in the following section.
Proposed Plasmonic Nano-Antenna
In this section, the proposed absorber shown in Fig. 1 has been utilized for designing nano-antenna for energy harvesting. The concept of the proposed nano-antenna for harvesting solar energy is based on using optical rectenna that was firstly suggested four decades ago [26] - [28] . The rectenna system is based on connecting the proposed nano-antenna to an ultra-fast diode operating at optical frequencies. The optical nano-antenna absorbs electromagnetic radiation and converts it to current and the diode rectifies the AC current, generating DC electrical power. The efficient energy transfer from the nano-antenna to diode requires complete impedance matching between the antenna and the diode which should have ultralow capacitance and resistance and high nonlinearity and asymmetry. The tunnelling diodes are the only suitable devices for THz rectification. These diodes consist of a thin oxide layer sandwiched between two metal strips and are commonly known as Metal-Insulator-Metal diodes. In this paper we have introduced only the design a nano-antenna that can produce a strong hot spot in its central gap filled with SiO 2 . Fig. 12(a) shows the proposed nano-antenna that consists of two adjacent elements of the proposed plasmonic absorber. The absorption capabilities of the proposed nano-antenna have been investigated based on calculating the radiation efficiency of the antenna [26] . Inspired by the reciprocity theory [26] , the efficiency of the antenna in converting the input electrical power into radiation "radiation efficiency" is equivalent to the efficiency of the antenna in converting the radiation into electrical power "harvesting efficiency." In this study, the methodology of calculating the radiation efficiency η rad for the nano-antenna based on Mie theory is adopted. The radiation efficiency η rad can be calculated from the values of the scattering and absorption cross-sections, as follows [27] , [28] :
where C s and C a are scattering and absorption cross-sections, respectively. For energy harvesting applications, the solar energy harvesting efficiency η can be calculated by [27] 
where v is the frequency, T is the absolute temperature of the blackbody (in K and P is the Planck's law for black body radiation defined by [27] P (v, T ) = 2hv 3 c 2 × 1 e hv/kT − 1
where h is the Planck's constant (6.626 × 10 −34 Js), c is the speed of light in vacuum (3 × 10 8 m/s), and k is the Boltzmann constant (1.38 × 10 −23 J/K). Fig. 12(b) shows the calculated radiation efficiency for the suggested nano-antenna design. In this study, a computational window of size 2.26 μm × 1.26 μm × 0.74 μm has been discretized with a non-uniform mesh and is bounded by PML BCs from all directions. It can be observed from the figure that the proposed nano-antenna design offers solar energy harvesting efficiency of about 73%, showing improvement over the conventional rectangular dipole nano-antenna proposed in Fig. 12 . Proposed nano-antenna design. (a) Two-dimensional cross sectional view, (b) calculated radiation efficiency, (c) steady state field distributions at frequency 0.6 PHz using the nano-antenna in the absorption mode, and (d) far field radiation pattern at frequency 0.6 PHz using the nano-antenna in the radiation mode. [13] by approximately 38%. This enhancement can be attributed to the efficient integration of multisized MIM multilayers that enable multiple resonances working at multiple frequencies within the visible frequency band.
Further, the capabilities of the proposed nano-antenna are more evident by the calculated absorbed and radiated steady state field distributions at v = 0.6 PHz, as shown in Fig. 12(c) and (d), respectively. Fig. 12(c) shows a deep subwavelength confinement in the central engineered SiO 2 gap of the proposed nano-antenna. Additionally, Fig. 12(d) shows the calculated radiation patterns for the conventional rectangular dipole nano-antenna [13] and the proposed nano-antenna at v = 0.6 PHz. It can be noticed from the figure that the radiation pattern of the conventional rectangular dipole nano-antenna is directional while the radiation pattern of the proposed nano-antenna is nearly omnidirectional
Conclusion
A novel design for a broadband, omnidirectional nearly perfect visible absorber is presented and analyzed in this paper. The design of the proposed absorber comprises hollow cylinders of Al and SiO 2 .The numerical analysis of the absorption spectra for the proposed absorber design shows near unity omnidirectional absorbance over the whole visible frequencies. Further, two elements of the proposed plasmonic absorber are used as nano-antennas for solar energy harvesting. The efficient omnidirectional harvesting characteristics of the proposed nano-antenna have been validated by calculating the radiation efficiency, solar energy harvesting efficiency, near field distributions, and the far field radiation patterns. It is worth noting that the solar energy harvesting efficiency of the proposed nano antenna is more than twice the solar energy harvesting efficiency of the previously reported rectangular dipole nano-antenna.
